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In this work, we investigate the discovery potential for Y (3940) by the photoproduction process
γp→ Y (3940)p. The numerical result shows that the upper (lower) limit of the total cross section
for γp→ Y (3940)p is up to the order of 1 nb (0.1 µb). Additionally, the background analysis and the
Dalitz plot relevant to the production of Y (3940) are studied. The Dalitz plot analysis of Y (3940)
production indicates that Y (3940) signal can be distinguished from the background clearly. The
lower limit of the number of events of Y (3940) reaches up to 10/0.02GeV2 for 1× 109 collisions of
γp by studying the invariant mass spectrum of J/ψω. An experimental search for Y (3940) by the
meson photoproduction is suggested.
PACS numbers: 14.40.Lb, 13.60.Le, 12.39.Fe
I. INTRODUCTION
With the development of the experimental technology, experiments have announced a series of charmonium-like
states X, Y, Z in the past six years. Among these charmonium-like states, Y (3940) is an enhancement near the
threshold of J/ψω in exclusive B → KωJ/ψ decay [1, 2]. The experimental information given by the Belle and Babar
Collaborations is summarized in Table I. Although the values of mass and width given by the Babar Collaboration are
Experiment Mass (MeV) Width (MeV) B[B → KY (3940)]B[Y (3940) → J/ψω]
Belle [1] 3943 ± 11(stat)± 13(syst) 87± 22(stat)± 26(syst) (7.1± 1.3(stat)± 3.1(syst))× 10−5
Babar [2] 3914+3.8−3.4(stat)± 2.0(syst) 34
+12
−8 (stat)± 5(syst) (4.9
+1.0
−0.9(stat)± 0.5(syst))× 10
−5
TABLE I: The mass, width and product branching fraction of Y (3940) measured by the Belle and Babar experiments.
smaller than those reported by the Belle Collaboration, the measured product branching ratios by Belle and Babar
agree with each other. As indicated in Refs. [3, 4], taking the typical value for allowed B → K + charmonium
decays (B[B → KY (3940)] ≤ 1 × 10−3), one obtains the lower limit of the decay width of Y (3940) → J/ψω, which
means Γ[Y (3940) → J/ψω] ≥ 1 MeV and Γ[Y (3940) → J/ψω] ≥ 4 MeV corresponding to Babar and Belle results,
respectively. Thus, to some extent, explaining Y (3940) as a conventional charmonium state is problematic due to the
unusual decay width of Y (3940)→ J/ψω [4].
In the past years, theorists have been puzzled with the underlying structure of Y (3940) after the observation of
Y (3940). With the observation of Y (4140) by the CDF [5], the similarities between Y (4140) and Y (3940) provide
the hint to reveal the structure of Y (3940). Thus, the explanations of D∗D¯∗ and D∗sD¯
∗
s respectively corresponding to
Y (3940) and Y (4140) were proposed in Refs. [6, 7]. The possible quantum number assignment includes JPC = 0++
or JPC = 2++ [6].
It is well-known that most of charmonium-like states are only observed in the two B factories by B meson decay,
which provides the cc¯ rich environment. However, searching for X, Y, Z charmonium-like states by other production
processes is an interesting topic, which will not only confirm these observed charmonium-like states, but also be
helpful to study their underlying structures. For example, theorists carried out the relevant studies of the production
of Z±(4430), which is an enhancement in the ψ′π± invariant mass spectrum [8]. Liu, Zhao, and Close once proposed
to search for Z±(4430) by the meson photoproduction process [9]. Additionally, the authors in Ref. [10] suggested an
experiment to find the signal of Z±(4430) by the nucleon-antinucleon scattering.
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2Meson photoproduction is an important way to study hadron spectroscopy, such as the baryon resonances and
charmonium with a higher beam energy [11, 12, 13]. The thresholds for X,Y, Z photoproductions fall in the energy
region of the HERA experiment. Thus, it is interesting to study whether there exists a potential to find Y (3940) by
meson photoproduction. In this work we will be dedicated to exploring Y (3940) production by the photoproduction
process.
The paper is organized as follows. After the introduction, we present the calculation of Y (3940) photoproduction.
In Sec. III, the possible background relevant to the production of Y (3940) is discussed and the Dalitz plot is presented.
The last section is the conclusion and discussion.
II. Y (3940) IN THE PHOTOPRODUCTION PROCESS
In this section, we will discuss the production probability of Y (3940) through calculating the cross section of the
photoproduction process. As shown in the introduction, Babar and Belle reported the observation of Y (3940) in
the decay channel to J/ψ and ω. Since both J/ψ and ω interact with a photon via the well-known vector meson
dominance mechanism, the Y (3940) photoproduction process can be described by Fig. 1. Here, the t channel is the
dominant process due to the threshold of Y (3940) photoproduction being about 4 GeV.
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FIG. 1: The Y (3940) photoproductions through ω and J/ψ exchanges.
Considering the coupling between J/ψ and the nucleon being obviously weaker than that between ω and the
nucleon, in this work one mainly discusses the photoproduction process depicted in Fig. 1 (a). Here, the ω meson
is the exchanged state and J/ψ is as the intermediate vector meson coupling to the incoming photon. Since the
contribution from the pomeron exchange is negligible as discussed in Ref. [9], we do not consider the contribution of
the pomeron exchange to the Y (3940) photoproduction process in this work .
As discussed in Ref. [6], the charmonium-like state Y (3940) may have a quantum number JPC = 0++ or 2++. The
vertices depicting the interaction of Y (3940) and J/ψω are [14, 15, 16, 17]
〈J/ψ(k1)ω(k2)|Y (3940)〉 =
gY J/ψω
MY
ǫµ1 ǫ
ν
2 Tµν , for 0
++ (1)
〈J/ψ(k1)ω(k2)|Y (3940)〉 =
gY J/ψω
MY
ǫµ1 ǫ
ν
2ǫ
αβMµν,αβ , for 2
++ (2)
with
T µνk1,k2 = g
µνk1 · k2 − k
ν
1k
µ
2 , (3)
Mµν,αβk1,k2 = g
νβkα1 k
µ
2 + g
µαkν1k
β
2 − g
µνkα1 k
β
2 − g
µαgνβk1 · k2, (4)
where ǫµ and ǫµν are the polarization vector and the polarization tensor corresponding to Y (3940) with JP = 0++
and JP = 2++, respectively. The Lagrangians listed in Eqs. (1) and (2) are derived using gauge invariance and vector
and tensor meson dominance. We adopt the lower (upper) limit of the decay width of Y (3940)→ J/ψω, Γ[Y (3940)→
J/ψω] = 1(34) MeV [2, 3, 4], to determine the lower (upper) limit of the coupling constant: gY J/ψω = 0.264(1.54)
GeV−1 for scalar Y (3940) or gY J/ψω = 0.461(2.69) GeV
−1 for tensor Y (3940). Additionally, for describing the vertex
with the off-shell ω, we introduce the monopole form factor FY J/ψω(q
2) = (Λ2Y −m
2
ω)/(Λ
2
Y − q
2), where we set the
cutoff ΛY as the mass of J/ψ as suggested in Ref. [9].
3In the vector meson dominance mechanism, the Lagrangian depicting the coupling of the intermediate state J/ψ
with photon is written as
LJ/ψγ = −
eM2J/ψ
fJ/ψ
VµA
µ, (5)
where MJ/ψ and fJ/ψ denote the mass and the decay constant of J/ψ respectively. In terms of the decay width of
J/ψ → e+e− [18]
ΓJ/ψ→e+e− = 5.55± 0.14± 0.02 keV,
one obtains the parameter e/fJ/ψ = 0.027.
We adopt the effective Lagrangian
LωNN = −gωNNN¯(γ · ω −
κω
2MN
σµν∂νωµ)N (6)
to describe the coupling between ω and the nucleon. Besides, one introduces the monopole form factor FωNN =
(Λ2ω −m
2
ω)/(Λ
2
ω − q
2) in NNω vertex to compensate the off-shell effect of the ω meson. Here, gωNN = 12, κω = 0
and Λω = 1.2 GeV [19]. The vertex of J/ψωY is result of the vector meson dominance mechanism. Thus, there exists
the difference of the vertex of NNω from the vertex of J/ψωY . We distinguish the vertex of NNω and the vertex
of J/ψωY by introducing different cutoff ΛY and Λω corresponding to the vertex of NNω and the vertex of J/ψωY
respectively.
The differential cross section for Y (3940) photoproduction shown in Fig. 1 (a) reads as
dσ
dt
=
1
256πs
1
|k1cm|2
∑
pol
|Tfi|
2, (7)
where s = (p1 + k1)
2 = (p2 + k2)
2 =W 2 and t = (k2 − k1)
2 = (p1 − p2)
2 = q2 denote the Mandelstam variables. k1cm
is the photon energy in the center of mass frame of γp scattering.
The amplitude Tfi for the production of scalar Y (3940) is obtained
Tfi =
(
gωNN
gY J/ψω
MY
e
fJ/ψ
)
u¯(p2)O
αu(p1) ǫ1α, (8)
where
Oα = Gµ
g¯µν
q2 −m2ω
Aνα, Gµ = γµFωNN (q
2), Aνα = Tανk1,q1 FY J/ψω(q
2).
Analogously, for the γp→ Y (3940)p with tensor Y (3940), the amplitude Tfi is
Tfi =
(
gωNN
gY J/ψω
MY
e
fJ/ψ
)
u¯(p2)O
α,βγu(p1) ǫ1α ǫβγ , (9)
with
Oα,βγ = Gµ
g¯µν
q2 −m2ω
Aνα,βγ , Gµ = γµFωNN (q
2), Aνα,βγ =Mαν,βγk1,q1 FY J/ψω(q
2).
In the above expressions, we define g¯µν = −gµν+qµqν/m
2
ω. Since, the longitudinal part of the omega-meson propagator
does not contribute to the amplitudes, we use g¯µν = −gµν instead of g¯µν = −gµν + qµqν/m
2
ω for writing out the
amplitude.
With the above preparation, we obtain the differential cross section for Y (3940) production, which is shown in Fig.
2. After integrating over the range of t, the total cross section σ(γp→ Y (3940)p) is presented in Fig. 2.
These results show that a peak appears at the low −q2 region. The line shape of the total cross section goes up
very rapidly near the threshold, while the line shape of the differential cross section becomes flat with the increase of
−q2. The total cross section for the production of tensor Y (3940) is about 5 times larger than that for the production
of the scalar Y (3940). The total cross section is proportional to the square of the coupling gY J/ψω, which indicates
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FIG. 2: The upper and lower limits of the cross sections for the production of Y (3940) with quantum number 0++ or 2++.
(a) The variation of the differential cross sections of γp → Y (3940)p to −q2. (b) The dependence of the total cross section of
γp→ Y (3940)p on the total energy in the center of mass frame of γp scattering.
that the cross section is also proportional to the decay width of Y (3940) → J/ψω. Since the concrete value of the
decay width of Y (3940)→ J/ψω is undetermined by theory and experiment, we only give the upper and lower limits
of σ(γp → Y (3940)p) in this work according to the upper and lower limits of the decay width of Y (3940) → J/ψω.
The upper limit of σ(γp→ Y (3940)p) under the two assignments of the quantum number for Y (3930) is on the order
of 0.1 µb, which is comparable with the cross section of J/ψ photoproduction in the HERA experiment [11, 13]. The
lower limit of σ(γp→ Y (3940)p) is a few nb, which is comparable with the cross section of ψ(2S) [12] or bottomonium
Υ photoproduction in HERA [20, 21].
III. BACKGROUND ANALYSIS AND DALITZ PLOT
Since the produced Y (3930) decays into J/ψω, the experimental channel relevant to Y (3940) is γp → J/ψωp. As
indicated in our calculation, the total cross section for tensor Y (3940) production is much larger than that for the
scaler one. In the following, with the scalar Y (3940) photoproduction as an example, we discuss the background
analysis relevant to Y (3940) photoproduction.
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FIG. 3: The diagram depicting γp→ Y (3940)p→ J/ψωp through ω exchange.
First we consider the γp → J/ψωp process as shown in Fig. 3, which corresponds to Y (3940) production. The
amplitude for γp→ Y (3940)p→ J/ψωp depicted in Fig. 3 can be written as
Tfi =
[
gωNN
(gY J/ψω
MY
)2 e
fJ/ψ
]
u¯(p2)O
αβγu(p1)ǫ1α ǫ2βǫ3γ (10)
5with
Oαβγ = Gµ
g¯µν
q2 −m2ω
Aναβγ , Gµ = γµFωNN (q
2
1),
Aναβγ = Tανk1,q1FY J/ψω(q
2
1)
1
q22 −M
2
Y + iMY Γ
T ′βγk2,k3FY J/ψω(q
2
2).
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FIG. 4: The γp→ J/ψωp process via the pomeron exchange.
Since the pomeron mediates the long-range interaction between a confined quark and a nucleon, thus γp→ J/ψωp
occurs via the pomeron exchange, which is the main background contribution to γp→ Y (3940)p→ J/ψωp. We adopt
the formulas in Refs. [9, 22, 23] to describe the pomeron exchange process shown in Fig. 4.
The pomeron-nucleon coupling is determined by the vertex
Fµ(t) =
3β0(4M
2
N − 2.8t)
(4M2N − t)(1 − t/0.7)
2
γµ = F (t)γµ,
where t = q21 is the exchanged pomeron momentum squared. β
2
0 = 4 GeV
2 denotes the coupling constant between a
single pomeron and a light constituent quark.
For the γV P vertex with on-shell approximation for restoring the gauge invariance, one has
VγVP =
2βc 4µ
2
0
(M2V − t)(2µ
2
0 +M
2
V − t)
Tανβǫ
β
V ǫ
α
γP
ν = V (t)Tανβǫ
β
V ǫ
α
γP
ν , (11)
Tανβ = (kγ + kV )νgαβ − 2kγβgνα, (12)
where β2c = 0.8 GeV
2 and µ0 = 1.05 GeV.
The amplitudes for the s− and u−channel, corresponding to the diagrams on the left and on the right in Fig. 4
respectively, can be written as
T Ps = Gcc,ffTανβu¯(p2)γξ(/q2 +mN )γ
νu(p1)ǫ
α
γ ǫ
β
V ǫ
ξ
ω, (13)
T Pu = Gcc,ffTανβu¯(p2)γ
ν(/q2 +mN)γξu(p1)ǫ
α
γ ǫ
β
V ǫ
ξ
ω (14)
with Gcc,ff = gωNNFωNN (q
2
2)F (t)V (t)GP (s, t)/(q
2
2 −m
2
N), where GP (s, t) is related to the pomeron trajectory α(t) =
1+ǫ+α′t via GP (s, t) = −i(α
′s)α(t)−1 with α′ = 0.25 GeV−2 and ǫ = 0.08. FωNN (q
2
2) = (Λ
2
ωNN −m
2
N )/(Λ
2
ωNN − q
2
2).
With the transition amplitude T , we obtain the total cross section of the γp→ J/ψωp process
dσ =
mN
2k1 · p1
|T |2
d3k2
(2π)3
1
2k02
d3k3
(2π)3
1
2k03
d3p2
(2π)3
mN
p02
(2π)4δ4(k1 + p1 − k2 − k3 − p2). (15)
The numeral results are obtained by the FOWL program, which is presented in Fig. 5.
The line shape of the total cross section of γp → J/ψωp via ω exchange (see Fig. 5) is similar to that of γp →
Y (3940)p [see Fig. 2 (b)], which goes up very rapidly near the threshold and becomes flat with increasing W . The
line shape of the total cross section of γp→ J/ψωp through the pomeron exchange is monotonically increasing.
By the Dalitz plot, we can identify Y (3940) by analyzing the invariant mass spectrum of J/ψω. In Fig. 6, the Dalitz
plot and the corresponding J/ψω invariant mass spectrum with several typical values of W are presented, where the
numerical result is obtained under the upper limit of ΓY J/ψω. As shown in Fig. 6, an explicit band corresponding to
Y (3940) appears even at the higher energy region of W , which indicates there exists a wide energy window of W to
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FIG. 5: The dependence of the total cross sections of γp → J/ψωp on −q2. Here, σP denotes the total cross section of
γp→ J/ψωp via the pomeron exchange. σ is the total cross section of γp→ J/ψωp via both pomeron and ω exchanges shown
in Figs. 3 and 4. σω means the total cross section of γp→ J/ψωp through exchanging ω, which is related to Y (3940) production
directly. Since σω is proportional to g
4
Y J/ψω determined by the decay width of Y (3940) → J/ψω, we give the variation of σω
to W with several typical values of gY J/ψω, which correspond to ΓY J/ψω = 1, 5, 34 MeV.
identify Y (3940) in experiments. By analyzing the invariant mass spectrum of J/ψω, one finds that the number of
events of Y (3940) is up to 450/0.02GeV2 in 50× 106 collisions of γp.
If a smaller decay width of Y (3940)→ J/ψω is adopted, the number of events of Y (3940) is reduced. We can expect
that the background contribution from the pomeron exchange appears in the Dalitz plot. Here, with the numerical
result corresponding to the upper limit of decay width ΓY J/ψω as an example, the Dalitz plot of γp → J/ψωp and
the invariant mass spectrum of J/ψω are illustrated in Fig. 7. The number of events of Y (3940) decreases to about
10/0.02GeV2 when taking 109 collisions of γp. There exists an obvious pomeron exchange contribution, a band in the
bottom of the Dalitz plot. However, the bands respectively corresponding to Y (3940) and the background contribution
from the pomeron exchange do not interfere with each other. Thus, we still can distinguish the signal of Y (3940) from
the background in the Dalitz plot. We need to emphasize that the numerical results are not sensitive to the cutoffs
ΛY /Λω.
IV. CONCLUSION AND DISCUSSION
In this work, we study the possibility to search for Y (3940) by the photoproduction process. Since Y (3940) was
observed in the invariant mass spectrum of J/ψω, γp → Y (3940)p by exchanging the ω meson is the main channel
to produce Y (3940). Our numerical result shows that the upper (lower) limit of the total cross section for the
γp → Y (3940)p is on the order of 1 nb (0.1 µb), which is comparable with the cross section of J/ψ, ψ(2S) and Υ
photoproduction in the HERA experiment.
Additionally we further carry out the background analysis relevant to the production of Y (3940), where γp→ J/ψωp
occurs via the pomeron exchange. By the Dalitz plot, we find that the Y (3940) signal can be distinguished from the
background clearly. The result of the invariant mass spectrum of J/ψω indicates the lower limit of the number of
events of Y (3940) can reach up to 10/0.02GeV2 for 1× 109 collisions of γp, which shows that there exists a potential
to find Y (3940) by meson photoproduction process. Since the calculation in this work is relevant to the decay width
of Y (3940)→ J/ψω, to some extent we encourage our experimental colleagues to carry out the measurement of the
decay width of Y (3940)→ J/ψω, which will be helpful to make further predictions of Y (3940) production by the
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FIG. 6: The Dalitz plot (above) and the J/ψω invariant mass spectrum (bottom) for γp → J/ψωp process with the scalar
Y (3940) production. Here, the numerical result corresponds to the upper limit of ΓY J/ψω.
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FIG. 7: The Dalitz plot (left) and the J/ψω invariant mass spectrum (right) for the γp → J/ψωp with the scalar Y (3940) if
taking the lower limit of gY J/ψω as the parameter input.
photoproduction process.
As we all know, most of the charmonium-like states X , Y , Z are observed by B meson decay. Thus, searching for
these X , Y , Z states by other processes will be helpful to establish them. Besides studying the production of Y (3940)
and Z(4430) in the meson photoproduction process, exploring the production of remaining X , Y , Z states by meson
photoproduction will be an interesting topic. The experimental search for the charmonium-like states X , Y , Z is
encouraged, especially for the HERA experiment.
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